greatly enhanced our understanding of cadherin-based adhesion, revealing for instance that cadherins must Introduction undergo both cis-and trans-interactions to form functional adhesive contacts; however, none of the existing In metazoans, cadherins are Ca 2ϩ
Introduction undergo both cis-and trans-interactions to form functional adhesive contacts; however, none of the existing In metazoans, cadherins are Ca 2ϩ -dependent mediators of intercellular adhesion. They operate in a wide variety structural data completely explains the "adhesive" behavior of cadherins. of physiological settings, comprising embryogenesis Cadherin-based adhesiveness is posttranslationally and organogenesis (Gumbiner, 1996; Takeichi, 1995;  regulated through signaling events that involve cadherin Tepass et al., 2000) . They also play a dominant role in cytoplasmic domains and their binding partners, e.g., pathological conditions where cell adhesion is impaired.
catenins ( These sequences are cleaved off by an endoprotease, -dependent resisneither required for biosynthesis nor for transport of the tance to proteases (Ozawa and Kemler, 1990 ). E-cadherprotein to the cell surface but rather important for its in's adhesive activity, on the other hand, was completely adhesive function (Ozawa and Kemler, 1990 ). These obabolished. Using these prior experiments as a guide, servations, and the fact that some but not all cadherins we examined the localization of prosequence-bearing have large prosequences close to homophilic interac-N-cadherin in transfected L cells, using a specific NPro tions sites, spurred us to perform a detailed structural antibody that we generated in this study. analysis of the prosequence of N-cadherin.
Immunostaining of L cells, transfected with the fullThe high-resolution three-dimensional NMR structure length N-cadherin cDNA (L N cells), with affinity-purified of the N-cadherin prosequence (NPro), which we presNPro antibodies and a specific N-cadherin antibody ilent here, shows that the core region of NPro is a folded lustrates that N-cadherin is expressed on the cell surdomain and, remarkably, has a cadherin-like fold, unpreface, especially at cell-to-cell contact sites, whereas dictable from the primary sequence. Nevertheless, NPro NPro is localized inside the cells, especially within Golgilacks all the structural features known to be required like structures ( These results clearly demonstrate that the presence cadherin subfamilies shows that the subdivision of the of NPro at the cell surface confers "nonadhesivity," but cadherin superfamily is well reflected by the presence does not affect the processing and surface expression and size of prosequences (Figure 1 ). In addition, proteoof wild-type N-cadherin. The fact that the adhesive funclytic cleavage sites are well conserved within each indition of L N cells can be readily rescued through subsevidual subfamily. All cleavage sites contain a dibasic quent removal of NPro via exogenous factor Xa supports recognition motif that is generally recognized by memthe notion that the prosequence does not influence foldbers of the furin protease family (known as endoprotein ing or posttranslational modification of N-cadherin. convertases), which process a wide range of extracelluThese results agree with the earlier data obtained for lar proteins, growth factors, and hormones (Seidah and E-cadherin (Ozawa and Kemler, 1990 ), but additionally, Chretien, 1999). It has been shown in cell transfection we were able to visualize directly the prosequence with assays that furin can process E-cadherin, but other prospecific NPro antibodies. teases can also cleave, as E-cadherin is properly processed even in a furin-deficient cell line (Posthaus et al., 1998) . A cadherin-specific convertase, therefore, has
Structure Determination yet to be identified. of the N-Cadherin Prodomain Notably, only cadherins with five extracellular cadhThe recombinant protein construct we designed for erin domains (CADs) possess prosequences, and among NMR structural analysis comprises the entire prosethem only classical (type I) cadherins (including T-cadhquence of N-cadherin without the signal peptide (resierin) and desmocollins have prosequences of considerdues Glu24-Arg159). The construct also contains an able length. Prosequences from these cadherins share N-terminal histidine tag to facilitate purification by affinsignificant sequence similarities, especially within a 90 ity chromatography. Protease resistance, CD spectra, amino acid core region, ranging from Cys32, which is and We determined the structure of NPro from a total of the structure refinement. Figure 3A depicts the superposition of backbone atoms (residues 31-124) of the 20 2129 NMR-derived distance, torsion angle, and hydrogen bonding restraints (Table 1) using standard heterolowest energy structures derived from NMR data. The C-terminal part of NPro (residues 125-159), which connuclear multidimensional NMR methods (Clore and Gronenborn, 1994; Sattler et al., 1999) . While the majority sists of a low homology region followed by a proteolytic cleavage site ( Figure 1B ), was unstructured since it lacks of NOE (nuclear Overhauser effect) peaks were manually assigned to obtain distance restraints (Table 1) , the prodiscernable long-range NOEs and showed very narrow chemical shift dispersion in the NMR spectra. Within the gram ARIA was used to assign additional NOE peaks in (Table 1) . Interestingly, we found that the protein longer than cadherin domain sequences, and our structural analysis reveals that this is largely due to an uncontains a disulfide bond formed between Cys32 and Cys63, which was established through the characteristic structured C-terminal region ( Figure 4A ). Despite insignificantly low sequence similarities between NPro and chemical shift value for the ␤-carbon of Cys32 and confirmed by mass spectrometry analysis of NPro fragcadherin domains, the topology of the folded region of NPro is remarkably similar to that of cadherin domains; ments after trypsin digest (data not shown).
position and length of the seven main ␤ strands are all well conserved, and several structurally important, coreNPro Adopts a Cadherin-like Fold The NPro structured region (residues 31-124) has a defining residues (e.g., Val58, Phe79, Gly85) are not only conserved among prodomains but also between prodoGreek-key topology of a ␤ sandwich-like fold, consisting of seven ␤ strands (A-G, Figure 3B ). All strands are mains and cadherin domains ( Figures 4A and 1B) . Small but potentially crucial variations between NPro fold and antiparallel except for the parallel pairing between ␤-A and ␤-G. ␤-A, -G, -F, and -C form one sheet of the ␤ cadherin fold can be found mainly in the loop or helical regions between the seven main ␤ strands ( Figure 4B ). sandwich, and ␤-B, -E, and -D form the second sheet. A third small sheet is formed by ␤-AЈ and ␤-BЈ. A disulfide In particular, NPro has no ␣ helix between ␤-B and ␤-C and significantly shorter C/D and F/G loops. It is remarkbridge on top of the ␤ sandwich stabilizes the ␤-AЈ and ␤-BЈ pairing ( Figure 3C ). The two short ␤ strands were able that even in a secondary structure-guided alignment, the sequence similarity between NPro and CAD1s named as extensions of ␤-A and ␤-B for better comparison with cadherin domain structures (see below). Proseis very low ( Figure 4A ). Therefore, we conclude that NPro-and most likely other prodomains too-has a quences from other cadherins (in particular E-, C-, and Notably, NPro has a hydrophobic pocket similar to tions. None of the highly conserved calcium-coordinating residues in cadherin domains, such as Glu11, Asp67, that found in cadherin domains ( Figure 4C ). However, CAD1s have two extra residues between ␤-F and the and Glu69, are present in NPro ( Figure 4A ). In addition, instead of a cluster of Ca 2ϩ binding residues at the shorter ␤-G strand, resulting in a bulge within the F-G loop ( Figure 4B ) and a hydrophobic cavity that is large C-terminal region, NPro has a much longer unstructured loop followed by a conserved protease cleavage site. enough to accommodate the side chain of a conserved, functionally important Trp, whereas NPro has a Phe side Cadherin-based cell adhesion is generated by homophilic cis-and trans-interactions between N-terminal, chain (Phe36) docked into a smaller hydrophobic pocket ( Figure 4C ). In this respect NPro is more similar to "adhesive" cadherin domains, and several, in part contradicting, models have been proposed for the molecu- Figures 4A and 4B ). trans-interaction surface of CCAD1, strikingly, NPro has a surface covered with highly negatively charged resiAdditionally, the surface potential of the concave cisinteraction site in C-cadherin, bordered by Gly85 and dues, including Glu38 and Asp39, whereas the side chains of hydrophobic residues, such as Phe36, are Asp44, is very different from a corresponding surface in NPro ( Figure 5B ). NPro has a stretch of largely negatively completely buried ( Figure 5A) .
In addition to Trp-mediated trans-interactions, cischarged residues in this area (Asp82, Glu83, Asp84), and all the conserved cis-interaction residues in CAD1s interactions were described between a concave surface are not present in NPro or other prodomains ( Figure 4A) . a consequence of disrupting specific cadherin interactions. In C-cadherin, hydrophobic residues from the lower part of the ␤-B-D-E sheet in CAD2 form a convex cis-interaction site. NPro again displays mainly charged residues
Prodomains and Evolution of Cadherin Domains
To analyze the relationship between cadherins with on an equivalent surface, and no convex interaction site is present ( Figure 5C ).
prosequences of different length and between cadherin domains and prodomains, we performed a phylogenetic Residues that are conserved between prodomains and CAD1s ( Figure 4A ) are all core defining residues analysis of cadherin domain sequences and prodomain sequences from all the major cadherin subfamilies. A and therefore important for the structure itself rather than for homophilic interactions. Mutations of some of sequence alignment of 36 N-terminal cadherin domains and the structured region of four prodomains (all from the corresponding residues in R-cadherin (Tyr36, Phe51, Gly58) were shown to abolish adhesion (Kitagawa et al., human; data not shown) were used for phylogenetic analysis (Figure 6 ). In this simulated evolution, prodo-2000). However, in light of both the different cadherin structures and our NPro structure, the loss of adhesive mains clearly diverge early from all other cadherin domains and can therefore be regarded as distant relatives capacity in these mutants should be interpreted as the result of a compromised structural integrity and not as of cadherin domains, with which they share a similar . Our data clearly demonstrate that all the structural feaSince our structural data help to explain why cadherins tures known to be important for homophilic cadherin with uncleaved prodomains are unable to mediate adheinteractions are absent in NPro, providing a structural sion, this work also provides the first structural glimpses basis for the inability of NPro, and most likely other into the largely unknown but potentially important proprodomains as well, to interact either with themselves cess of cadherin activation by prodomain removal. or with cadherin domains. This is also supported by the fact that we were unable to detect any interactions 
